The magnetic properties of Zn 1−x Co x O (x = 0.07 and 0.10) thin films, which were homoepitaxially grown on a ZnO(0001) substrates with varying relatively high oxygen pressure, have been investigated using x-ray magnetic circular dichroism (XMCD) at Co 2p core-level absorption edge. The line shapes of the absorption spectra are the same in all the films and indicate that the Co 2+ ions substitute for the Zn sites. The magnetic-field and temperature dependences of the XMCD intensity are consistent with the magnetization measurements, indicating that except 
INTRODUCTION
Ferromagnetic diluted magnetic semiconductors (DMS's) are key materials for future "spin electronics" or "spintronics", in which one manipulates both the spin and charge degrees of freedom of electrons, because interaction between the spins of host sp-band electrons and the magnetic moments of doped magnetic ions enables us to control the spin degrees of freedom of electrons [1, 2] . In fact, the ferromagnetism of the III-V DMS's Ga 1−x Mn x As and In 1−x Mn x As arises from carrier-mediated interaction between Mn spins [3] , and new functional devices utilizing both magnetism and electrical conductivity have been fabricated based on these materials, e.g., spin-dependent circular light-emitting diodes [4] and fieldeffect transistors controlling ferromagnetism [5] . New control methods of magnetization have also been demonstrated, such as electrical manipulation of magnetization reversal [6] and current-induced domain-wall switching [7] . For practical applications of such devices, ferromagnetic DMS's having Curie temperatures (T C 's) above room temperature are necessary. Recently, oxide-based DMS's have attracted much attention first motivated by the theoretical predictions of high T C 's in wide-gap semiconductors [8, 9] followed by various reports of ferromagnetism at room temperature [10] .
Ever since the discovery of ferromagnetism in Zn 1−x Co x O thin films [11] , ZnO-based DMS's have been investigated intensively because the host material ZnO has potential for optical applications due to the wide band gap of 3.4 eV and the large exciton energy of 60 meV. In particular, Zn 1−x Co x O is one of the most investigated DMS's, and there have been many reports about the magnetic properties of Zn 1−x Co x O. Schwartz and Gamelin [12] have reported reversible switching of room-temperature ferromagnetism in Zn 1−x Co x O by introducing and removing interstitial Zn defects. Reproducibly, exposure of Zn 1−x Co x O thin film to Zn vapor creates interstitial Zn defects and induces room-temperature ferromagnetism, and annealing the thin film in air quenches the ferromagnetism due to elimination of the interstitial Zn by oxidation. Neal et al. [13] in reducing atmosphere such as in high vacuum, which may produce oxygen vacancies, have been reported to enhance the ferromagnetism, while annealing in oxidizing atmosphere such as air decreases the magnetic moments of Zn 1−x Co x O [23] [24] [25] [26] . In addition, we note that ferromagnetism has been reported in some oxide thin films without magnetic ions [27] [28] [29] , probably due to defects such as oxygen vacancies. It is therefore important to investigate annealing effects and/or the role of oxygen vacancies for the understanding of the ferromagnetism in Zn 1−x Co x O.
In the present work, we report on the results of H-and T -dependent XMCD measurements on homo-epitaxial Zn 1−x Co x O thin films which show coexisting paramagnetic and ferromagnetic properties. Analysis using the Curie-Weiss law suggests that antiferromagnetic correlation between the Co ions suppress the paramagnetic behavior. We have also found that the XMCD intensity decreases by high-vacuum annealing. Based on the experimental findings, a possible origin of the ferromagnetism in the Zn 1−x Co x O thin films shall be discussed.
EXPERIMENTAL
Zn 1−x Co x O thin films were homo-epitaxially grown on Zn-terminated ZnO(0001) substrates by the pulsed laser deposition technique with varying oxygen pressure (P O2 ) from 1 × 10 −4 to 10 −2 Pa. Four thin films were prepared: a x=0.07 film deposited at P O2 =10
−4
Pa, and x=0.10 films deposited at P O2 =10 −2 , 10 −3 , and 10 −4 Pa. During the deposition, the substrate temperature was kept at 400
• C. The thickness of each film was 50 − 150 nm.
X-ray diffraction confirmed that the thin films had the wurtzite structure and no secondary phase was observed. The magnetization of those thin films was measured using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design, Co. Ltd).
The present homo-epitaxial films are expected to have higher crystal quality [16] than the hetero-epitaxial one studied in the previous XMCD measurements [17] . However, the homoepitaxial thin films have lower M s than the hetero-epitaxial ones because of the high P O2
values [16] .
X-ray absorption spectroscopy (XAS) and XMCD measurements were performed at the helical undulator beam line BL23SU of SPring-8 [30, 31] . The monochromator resolution was E/∆E>10, 000. Absorption spectra of right-handed (µ + ) and left-handed (µ − ) circularly polarized x rays were obtained by reversing photon helicity at each photon energy in the total-electron-yield mode. The µ + and µ − spectra were averaged between spectra for the positive and negative applied magnetic fields so as to eliminate spurious signals. under tetrahedral crystal field [17] , as shown in Fig. 2(b) . The line shapes of the XAS and XMCD spectra well agree with these of the previous ones and are similar to those of the calculation for the Co 2+ ion tetrahedrally coordinated by oxygen atoms, indicating that the Co ions substitute for the Zn sites.
In order to understand the magnetic properties of the present Zn 1−x Co x O thin films, we have studied the H and T dependences of the XMCD spectra. Figure 3 shows the H dependence of the XMCD spectra of the Zn 0.9 Co 0.1 O thin film deposited at P O2 =10 −3 Pa.
The line shape of the XMCD spectrum is unchanged with the strength of applied magnetic field, as shown in the inset of Fig. 3(a) . The total magnetization M tot = M spin + M orb estimated from the XMCD sum rules of these thin films are plotted as a function of H in ) is very small, quaritatively consistent with the magnetization measurements.
The observations suggest that in the present Zn 1−x Co x O films the paramagnetic signals are predominant compared with the ferromagnetic ones unlike the previous sample [17] . Figure 4 shows the T dependence of the XMCD spectra of the Zn 0.9 Co 0.1 O thin film deposited at Although the XMCD intensities were different between these films, all the XMCD spectra of the thin films showed similar H and T dependences. According to the relationship between the M s and n of the homo-epitaxial Zn 1−x Co x O thin films [16] , the effective n's of all the samples studied here are estimated to be less than 10 18 cm −3 . The observations that the XMCD intensity increases and decreases with increasing H and T , respectively, indicate a Curie-Weiss paramagnetic behavior, in spite of almost the same electronic structure of the Let us quantitatively discuss the paramagnetic behavior of the Co ions by applying XMCD sum rules to the spectra [32, 33] . The H and T dependences of M tot have been fitted to the formula
where C is the Curie constant and θ is the Weiss temperature. The second term M s in Eq. (1) In order to see the effects of vacuum annealing on the electronic and magnetic properties of the Co ion, we have measured the Co 2p XMCD spectra of the P O2 =10 −2 Pa film after vacuum annealing, too. Figure 5 (a) shows the Co 2p 3/2 XAS and XMCD spectra of the
Pa film before and after the annealing. The line shapes of the XAS and XMCD spectra are almost identical before and after the annealing, indicating that the local electronic structure of the Co ion remained unchanged by the annealing. However, the XMCD intensity of the annealed sample becomes about half of the value of the as-grown one. The M s of the annealed film has been estimated by fitting of the H dependence of the M tot to a linear function
as shown in Fig. 5(b) , and the results of the fitting are listed in Table II between the XMCD and SQUID measurements implies that the substituted Co ions are also predominantly responsible for the ferromagnetism even after the annealing process. Figure 6 shows the P O2 dependences of M s and n in the homo-epitaxial Zn 1−x Co x O thin films [16] .
The M s increases with increasing n in both the O-and Zn-polar Zn 1−x Co x O. Taking into account the correlation between M s and n that the increase in n increases M s as show in NiO nanoparticles [35, 36] . In this model, the finite moments are originated from uncompensated spins on the surfaces of the nanoclusters and the average moments shall decrease with increasing nanocrystal size. Similarly, for bulk Zn 1−x Co x O, it has been reported that the dominant interaction between the Co ions is antiferromagnetic and the magnetic propertiy can be explained by asuuming the existence of antiferromagnetic Co clusters [37] . Based on the above picture, the annealing effects may be understood as thermal diffusion and aggregation of isolated paramagnetic Co ions into antiferromagnetic nanoclusters, as follows. In and n shown in Fig. 6 , it is probable that in Zn 1−x Co x O, the spinodal decomposition is predominant in low n region (n 10 19 cm −3 ), while carrier-induced ferromagnetic interaction is predominant rather than the antiferromagnetic interaction in high n region (n 10 are the saturation magnetizations estimated from the XMCD sum rules and measured by the SQUID, respectively. 
